ABSTRACT. The present study aimed to describe the basic pharmacokinetics of zolpidem and its metabolite zolpidem phenyl-4-carboxylic acid after a single oral dose of 5 mg zolpidem. Six competing kinetic models were created in order to analyze the experimental data obtained from the 20 healthy volunteers enrolled in a clinical study. Based on rational model discrimination criteria (Akaike index value), the best one was chosen and further used for a better understanding of the kinetics of zolpidem and its metabolite in the body after administration. The kinetic model considers that zolpidem absorption process follows a first-order kinetics and during this stage it is partially metabolized (pre-systemic metabolism) to its main metabolite. The kinetics of both zolpidem and its metabolite is characterized by bicompartmental distribution and first order kinetics of both elimination and systemic metabolism.
INTRODUCTION
Zolpidem is an imidazopyridine which acts at the benzodiazepine ω1-receptor subtype [1, 2] exhibiting hypnotic-sedative action exclusively due to agonist binding on the α 1 -gamma-aminobutyric acid type A (GABA A ) receptors. Zolpidem is recommended for the reduction of sleep onset time, increase total duration of sleep and sleep efficiency, given in doses of 5 up to 7.5 mg [1, 6] for the short-term treatment of insomnia [7] .
Zolpidem displays rapid absorption after oral administration and has an absolute bioavailability of about 70% [5, 8] . Is characterized by linear kinetics in the 5-20 mg dose range [5] , is highly bound to plasma proteins (around 92%) [6] and it is subjected to extensive hepatic metabolism [7, 8] . Zolpidem is a substrate to several distinct CYP 450 isoenzymes, among which the major metabolism pathway occurs through CYP3A4 (61%) [9, 10, 11] . It is converted to three pharmacologically inactive metabolites in the liver via oxidation and hydroxylation, of which the 4-carboxy-derivative is the predominant one (zolpidem phenyl-4-carboxylic acid -Z4CA), representing 72 up to 86% of the administered dose [12, 13, 14] . The time to reach the maximum plasma concentration is around 0.5-3 hr and the half-life time of zolpidem is about 2-3 hours [3, 4] .
Pharmacokinetics, by the quantitative study of the processes that take place depending on time, offers a better understanding of the relationship between the given/administered dose and the pharmacological effect [15] . The compartmental modeling approach of pharmacokinetics consists in describing the processes that the administered drug is subjected to in the body, depicted as an entity divided into distinct compartments with different properties and specific affinities for the drug or drug metabolites [16] . The drug leaves the site of administration by the process of absorption in order to reach the central compartment from which is it further exchanged both-ways with the peripheral compartments (distribution process) and it is later irreversibly eliminated from the body (by metabolism and/or excretion). All the kinetic processes that the drug undergoes in the body can be characterized by transfer rate constants, which in linear kinetics (1st order kinetics) are assumed to be directly proportional to the mass of transfer available drug [1, 8] . By performing compartmental and non-compartmental analysis, the corresponding pharmacokinetic parameters of the drug can be obtained, and they can be further used in drug formulation development [17] , bioequivalence assays or in therapeutic drug monitoring for patient-specific dose adjustment [18] .
The aim of this study was to create and to use a pharmacokinetic model that can accurately describe the kinetic processes involved in absorption, distribution, metabolism and elimination of zolpidem and zolpidem phenyl-4-carboxylic acid (Z4CA) after oral administration of a single dose of zolpidem in healthy volunteers, by comparing predicted values with actual experimental data.
RESULTS AND DISCUSSION
A number of six distinct mathematical models were created with the purpose of assessing the pharmacokinetics of zolpidem and its main metabolite, Z4CA. The characteristics of each individual kinetic model are summarized in Table 1 . The differences between the evaluated mathematical models consisted in suppositions about the existence of pre-systemic metabolism of zolpidem and about the number of compartments for both zolpidem and Z4CA. For instance, the first pharmacokinetic model (M1) assumes no presystemic metabolism of zolpidem and monocompartmental distribution for both zolpidem and its metabolite. The model M6 employs existence of presystemic metabolism and bicompartmental distribution for both zolpidem and Z4CA. For each tested model, the process of compounds elimination along with the systemic metabolism of zolpidem to zolpidem phenyl-4-carboxylic acid were regarded as 1st order kinetic processes.
The schematic representation of the kinetic processes from model M6 are shown in Figure 1 . Figure 1 . Schematic representation of kinetic processes from model M6, where "0" is absorption compartment of zolpidem; "1" and "2" are central compartments of zolpidem and zolpidem phenyl-4-carboxylic acid; "3" and "4" are their corresponding peripheral distribution compartments; tlag is the latency time for absorption; k01 is the absorption rate constant of zolpidem, f is the fraction of zolpidem converted into metabolite during absorption (pre-systemic metabolism); k13, k31, k24, k42 are the distribution rate constants; k12 is the systemic metabolization rate constant of zolpidem to metabolite; k10 and k20 are the elimination rate constants for zolpidem (non-metabolic) and zolpidem phenyl-4-carboxylic acid. The kinetic processes are represented by straight arrows.
For each analyzed kinetic model, the corresponding mathematical differential equations were written and run by using Phoenix 6.1 software package (Certara, SUA). The equations of model M6 are illustrated in Figure 2 . The mean plasma concentrations of zolpidem and zolpidem phenyl-4-carboxylic acid were evaluated using the six kinetic models previously described, after their implementation in Phoenix software. It was used the same settings of the software minimisation engine for all models analysis: weighting scheme 1/y (1/observed concentration), minimisation method: Gauss-Newton (Levenberg and Hartley variant), convergence criterion: 0.0001.
The Akaike index (automatically calculated and provided by the analysis software) was used for model discrimination [22, 23] . The model that proved a better fitting to the experimental data was characterised by a smaller Akaike index. The Akaike values for the six analysed models are presented in Figure 3 . Figure 3 , it can easily be observed that model M6 fits the experimental data better than its concurrent models, displaying the smallest Akaike value, therefore it was elected as representative for describing the kinetics of zolpidem and Z4CA after oral administration of a single dose of zolpidem. According to kinetic model M6, the pharmacokinetics of zolpidem is characterised by a first order absorption kinetics with pre-systemic metabolism to zolpidem phenyl-4-carboxylic acid. Once inside the body, both zolpidem and Z4CA are characterised by bicompartmental distribution. After absorption, zolpidem is subject to systemic metabolism leading to the formation of the main metabolite, zolpidem phenyl-4-carboxylic acid, following a first-order kinetic process. Both compounds are further eliminated from the body by first order kinetic processes. By using this representative pharmacokinetic model for zolpidem and Z4CA, their characteristic pharmacokinetic parameters were calculated ( Table 2) . A considerable variability of calculated kinetic parameters of zolpidem and its metabolite can be observed between the 20 subjects enrolled in the study (Table 2) . However, this is currently observed in clinical studies, involving human subjects participation, due to natural biological and physiological differences between subjects (inter-subject variability) [24, 25] .
The absorption of zolpidem is delayed for about 0.28±0.25 hours after oral administration, the time needed for the biopharmaceutical processes to take place (disintegration, release, dissolution of the drug molecules in the liquid interior body medium) and for the drug molecules to reach into duodenum. The absorption rate constant is 0.644±0.603 hr-1, which means an absorption half-life time of about 1.076 hr. During the stage of absorption, about 30% of the bioavailable amount of zolpidem is converted to inactive metabolite which appears in plasma, meaning that the oral bioavailability of zolpidem (pharmacologically active molecule) is approximately 70%.
The apparent volume of distribution for central compartment of both zolpidem and metabolite is about 5660±4330 L, this high value being expected as both compounds are lipophilic and highly bounded on tissue proteins (approximately 92% protein binding). The kinetic model M6 considers two possible elimination pathways for zolpidem: by systemic metabolism to zolpidem phenyl-4-carboxylic acid (characterised by a rate constant k12) and by other processes, primarily by renal excretion (characterised by an overall rate constant k10). As it can be observed from Table 2 , the value of k12 (3.54±2.98 hr-1) is much higher than k10 (0.135±0.164 hr-1). This means that the majority of zolpidem (99.6%) is eliminated from the body by metabolism to Z4CA, the rest being eliminated by metabolization to other metabolites or by direct renal excretion. Both zolpidem and its metabolite are distributed between central and peripheral compartments, the latter exhibiting a higher affinity for each compound (k13>k31 and k24>k42).
The observed plasma concentrations of zolpidem phenyl-4-carboxylic acid are due to both pre-systemic and systemic biotransformation of zolpidem. The metabolite is eliminated following a first-order kinetic process, characterised by a rate constant of 2.37±2.37 hr-1.
CONCLUSIONS
Six different mathematical models were tested in order to describe the kinetics of zolpidem and its metabolite Z4CA after oral administration of a single oral dose of 5 mg zolpidem. These models involved differences regarding the pre-systemic metabolism of zolpidem to its metabolite and the mono-or bicompartmental distribution of the compounds in the body.
After experimental data analysis, the representative model for the pharmacokinetics of zolpidem and its metabolite was found and described. The model considers that zolpidem is absorbed following a first-order kinetic process and is partially converted during absorption to its main metabolite, Z4CA. The kinetics of zolpidem is characterized by bicompartmental distribution and first order kinetic elimination processes (99.6% by biotransformation to metabolite, the rest by other paths). The metabolite zolpidem phenyl-4-carboxylic acid displays also a bicompartmental distribution and a first order elimination kinetics.
The knowledge of drug kinetics in the body through compartmental modeling is the starting point for other important analysis such as pharmacokinetic population modelling, prediction of drug plasma levels at other doses or when multiple doses are administered or further mathematical correlations between drug kinetics and pharmacological effect intensity. It also allows a better calculation of dosage regimen of a drug in a particular situation, considering the influence of altered physiology or disease state on drug absorption, distribution, metabolism and elimination as well as giving a better understanding of drug interactions, if the case.
EXPERIMENTAL SECTION

Subjects:
In this study were enrolled 20 healthy volunteers and all gave their written informed consent prior to study inclusion. The study was conducted according to the principles of Declaration of Helsinki (1964) and its amendments (Tokyo 1975, Venice 1983, Hong Kong 1989). The clinical protocol was reviewed and approved by the Ethics Committee of the University of Medicine and Pharmacy "Iuliu Hatieganu", Cluj-Napoca, Romania.
Study protocol:
After an overnight fast, the volunteers received a single 5 mg zolpidem dose at 8:00 a.m. with 150 ml of water. The pharmaceutical product used was Stilnox (10 mg film-coated tablets, Sanofi-Aventis -Romania). Venous blood samples (5 ml) were taken according to the following time schedule: before drug administration (0 h), and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24, 36 and 48 hours after drug administration. Within 10 minutes of collection, blood samples were centrifuged at 5000 rpm for 10 minutes and plasma samples were frozen stored at -20˚C until further analysis.
Drug analysis from plasma: Zolpidem and Z4CA plasma concentrations were determined using a validated high-throughput liquid chromatography tandem mass spectrometry method. The HPLC system was an Agilent 1100 series (binary pump, autosampler, thermostat) (Agilent Technologies, USA) and was coupled with a Brucker Ion Trap SL (Brucker Daltonic s GmbH, Germany). A Zorbax SB-C18 chromatographic column (100 mm x 3.0 mm i.d., 3.5 μm) (Agilent Technologies) was used.
The mobile phase was a mixture of 2 mM ammonium formate solution and acetonitrile, elution in gradient: 11 % acetonitrile at start, 41% at 2 minutes. The flow rate was 1 ml/min and the thermostat temperature was set at 48°C. The mass spectrometry detection was in multiple reaction monitoring mode, positive ions, using an electrospray ionization source. The ion transitions monitored were for zolpidem were m/z (235.5; 263.2) from 308 and for its metabolite m/z (265.1; 266.1; 293.1) from 338, respectively [19, 20, 21] . The calibration curves for both zolpidem and its metabolite were linear between 2-400 ng/ml.
Pharmacokinetic analysis:
The compartmental pharmacokinetic analysis was performed in order to analyze the plasma versus time levels of zolpidem and its metabolite for each individual dataset obtained from volunteers (20 datasets).
Six distinct mathematical models were created in order to assess the pharmacokinetics of zolpidem and its metabolite (see Table 1 ).
